Abstract: Thermal performance of a loop heat pipe with two evaporators and two condensers was examined using a lumped network model analysis. Thermosyphon-type vertical loop heat pipe and capillary-pump-type horizontal loop heat pipe were calculated by examining the change of heating rate of two evaporators. Calculation results showed that the vapor and liquid flow rates in the loop heat pipe and the thermal conductance of the heat pipe changed significantly depending on the distribution ratio of the heating rate of the multiple evaporators. The thermal performance of the vertical loop heat pipe with two evaporators was also examined and experimental results of flow direction and thermal conductance of the heat pipe agreed with the analytical results. The lumped network model analysis is therefore considered accurate and preferable for the practical design of a loop heat pipe with multiple evaporators.
Introduction


Loop heat pipe is an efficient heat transfer device that utilizes the evaporation and condensation of a working fluid and the circulation of the fluid by capillary force in a wick or gravity force. It is a well-known thermal management device. Loop heat pipes have been used in various applications such as cooling systems for high-power electronic devices [1] and solar thermal collector systems [2] . Loop heat pipe with multiple evaporators has the advantage of design flexibility for the cooling systems of many heating devices and it has been used for spacecraft applications [3, 4] .
Various works on the heat transfer performance of loop heat pipes have been reported. Kaya and Goldak [5] reported the boiling limit of loop heat pipe obtained from the analysis of heat and mass transfer in a porous wick in the evaporator of loop heat pipe. Mass, momentum, and energy equations were solved using a finite element method. Figus et al. [6] reported the analytical results of phase change phenomena in a Corresponding author: Shigeki Hirasawa, professor, research fields: thermo-fluid control and heat transfer in equipment.
porous wick of a loop heat pipe using the pore network model. The pore network model was a thermo-fluid numerical simulation method in which the calculation region was modeled by a fine network with many pores and throats. Governing equations at the pores and throats were numerically solved iteratively. Jesuthasan and Baliga [7] reported the steady thermal performance of a horizontal loop heat pipe with a flat-evaporator for four working fluids obtained from analysis using a lumped network model. The lumped network model analysis is a simple calculation method using a rather small number of node points and has been used widely in heat transfer and flow analyses [8, 9] . Jesuthasan and Baliga [7] used assumption of the stratified-wavy flow or annular flow for the two-phase flow pattern and the same flow direction of the liquid and vapor in the tube. The calculation parameters were the total mass flow rate and flow quality in the two-phase flow. Five nodes were used in their analysis and an iteration method was utilized to solve governing equations. Bai et al. [10] reported the analytical results of the startup behavior of a horizontal loop heat pipe driven by a capillary force in a porous wick using the lumped network model. They used the assumption of the uniform two-phase flow pattern. The calculation parameters were the total mass flow rate and enthalpy in the two-phase flow. About 20 nodes were used in their analysis and an implicit iteration technique was utilized to solve governing equations at each time step. Goncharov et al. [11] reported the experimental results of the thermal performance of loop heat pipes with two and three evaporators. Nagano and Ku [12] reported the experimental results of thermal performance and capillary limit of heat transfer of a loop heat pipe with two evaporators by changing heat loads of evaporators and inclination of the heat pipe. Ku et al. [3, 4] reported the analytical and experimental results of the steady and transient thermal performance of a loop heat pipe with two evaporators and two condensers. Energy equations at about 1,300 nodes were solved using a finite-difference method. Advantages of the loop heat pipe with multiple evaporators in comparison with a single loop heat pipe were reported.
In order to design the optimal loop heat pipe for practical use, it is indispensable to develop a useful simulation tool to calculate heat transfer performance according to the conditions of applications. The lumped network model analysis is a simple calculation method and computation time is less than 1/100 compared with that of a CFD simulation. We think the lumped network model analysis is useful for the practical design due to the simplicity. In this work, the thermal performance of a loop heat pipe with two evaporators and two condensers was studied using the lumped network model analysis and experiments. Fig. 1 shows the model of a thermosyphon-type loop heat pipe with two evaporators and two condensers. In the thermosyphon-type loop heat pipe, the working fluid circulates with the gravity force and there is no wick material in the tube. Our loop heat pipe had a center transport line of a horizontal tube to make two sub-loops to enhance flexibility of fluid flow in the loop. Two evaporators were placed at the lower part of the heat pipe and two condensers were placed at the upper part. The heating rate of both evaporators was changed to be different and the same. The vapor generated in the evaporators basically goes up and the condensed liquid goes down from the condenser by the gravity force. However, interaction between the vapor flow and the liquid flow causes flow in the same direction when the vapor and liquid flow rates become the flooding condition of two-phase flow [13] .
Analytical Model
The lumped network method was used to simulate the thermal performance of a loop heat pipe. In this method, the loop heat pipe is divided into a small number of nodes and elements. Fig. 2 shows the network model corresponding to the loop heat pipe shown in Fig. 1 . The pressure P i at i node and the vapor and liquid flow rates G vji and G lji (kg/s) from j element into i node were defined at each node. Average fluid and wall temperatures T fj and T wj in j element were defined at each element. Governing equations including mass, momentum, and energy equations were established at each node and element.
Heat transfer rate Q j (W) in j element from wall to fluid is calculated as follows.
where h j and A j are the inside heat transfer coefficient (W/m 2 K) and the area of the j element. The wall temperature T wj of the tube was obtained using the outside heat transfer coefficient, the surrounding air temperature, and the heating rate of the evaporator element. The inside heat transfer coefficient h j was obtained using the equations for two-phase condensation heat transfer coefficient h ctp [14] for the condenser and transport line elements and using the two-phase evaporation heat transfer coefficient h btp [15] for the evaporator element as follows.
where, h l is the convective heat transfer coefficient for only liquid flow rate, x is the flow quality that is the ratio of the vapor mass flow rate and the total mass flow rate, P s is the saturation pressure, P cri is the critical pressure, h l0 is the convective heat transfer coefficient for liquid flow of total mass flow rate, q is the heat flux, G t is the total mass flow rate, L is the latent heat, and X tt is the Lockhart-Martinelli parameter.
Change of mass flow rates of vapor and liquid in j element from i node to (i + 1) node are calculated as follows.
Pressure difference between both sides of j element is calculated as follows when flow direction is from i node to (i + 1) node.
where, P f is the two-phase flow friction pressure drop for the horizontal tube, which was calculated with the correlation of Lockhart and Martinelli [16] using the average mass flow rates of vapor and liquid in the element, the liquid density  l , the gravitational acceleration g, the average void fraction  v , and the change of vertical height z j . We did not include the change of dynamic pressure caused by phase change because it was less than the friction pressure drop P f .
Mass balance equations of vapor and liquid flow at i node are calculated as follows.
The governing equations were numerically solved using an explicit iteration technique of finite difference method. Programming language was FORTRAN. In this work, thermal conductance of the loop heat pipe with multiple evaporators and condensers was defined as that the maximum heat flux in the evaporators divided by the maximum temperature difference of the evaporator-wall and the condenser-wall.
Analytical Results
Thermosyphon-Type Loop Heat Pipe
Thermal performance of the thermosyphon-type vertical loop heat pipe with two evaporators and two condensers, shown in Fig. 1, was When the heating rate of both evaporators was 240/240 W, both evaporators were in the flooding condition and dryout occurred in the evaporators because liquid was not returned to them. In that case, a third vertical transport line of liquid from the condenser to the lower portion of the evaporator was necessary to operate the loop heat pipe properly. Fig. 6 shows the calculation results of the vapor and liquid flow rates for the case of heating rate of both evaporators 200/200 W. As the heating rate of both evaporators was the same value, vapor and liquid flew just like a single tube heat pipe with one evaporator and one condenser. Thermal conductance of the heat pipe was 1,600 W/m 2 K. From these results, we found that the vapor and liquid flow rates in the loop heat pipe and the thermal conductance of the heat pipe changed significantly depending on the distribution ratio of the heating rate of multiple evaporators. In other words the flow rates and thermal performance of the loop heat pipes with multiple evaporators could be controlled easily, and the loop heat pipes with multiple evaporators had the advantage of design flexibility for cooling systems of many heating devices.
Capillary-Pump-Type Loop Heat Pipe
Thermal performance of the capillary-pump-type horizontal loop heat pipe with two evaporators and two condensers was calculated. In this case, another transport line of liquid from the condenser to the lower portion of the evaporator was added to the loop shown in Fig. 1 . Condensed liquid returned to the evaporator by the capillary force in a wick in the added transport line. The calculation conditions were similar to those of the thermosyphon-type loop heat pipe. Heating rate of the left and right evaporators was 240/90 W.
Calculation results of the vapor and liquid flow rates and heat transfer rate at each element are shown in Fig.  7 . The results show that the thermal conductance of the heat pipe was 1,900 W/m 2 K. 
Experiments
Thermal performance of the thermosyphon-type vertical loop heat pipe with two evaporators and two condensers, shown in Fig. 1 , was experimentally examined. A photograph of our experimental apparatus is shown in Fig. 8 . Experimental conditions were similar to those explained in the analytical section. The heat pipe was a copper tube with a 6 mm-outside diameter and 4.4 mm-inside diameter. Semi-transparent Teflon tube was used as the center vertical and horizontal transport lines to see the flow pattern in the tube. The outside of the copper tube was covered with a rock-wool thermal insulator 20 mm thick. Flexible heaters were attached to both evaporators, and the heating rate of both heaters was controlled. Copper cooling plates were soldered to the condensers. The cooling rate of the condensers was controlled so that the saturation temperature of the working fluid could be adjusted to near 100 C by changing the flow velocity of the cooling air. The working fluid was saturated water. The T-type thermocouples were soldered at 23 positions of the heat pipe, and the temperatures at steady state were measured. The saturation temperature was assumed to be the same value as the wall temperature at the upper horizontal transport line of the heat pipe, and it was measured by the thermocouples. Accuracy of temperature measurement with thermocouples was ±1.0 °C and the relative error was ±0.1%.
When the heating rate of the left and right evaporators was 350/130 W, the experimental result of the average temperature of the left evaporator tube was 109 C, that of the right evaporator was 105 C, that of the condenser was 98 C, and the saturation temperature of the working fluid was 104 C. Flow direction pattern was the same as that in Fig. 3 . Thermal conductance of the heat pipe was 2,200 W/m 2 K. The flow direction and thermal conductance of the heat pipe were in agreement with the analytical results discussed in the previous section. When heating rates of multiple evaporators were not same, thermal conductance of the heat pipe was large similar to the calculation results. We found that the lumped network model analysis was accurate, useful, and preferable for the practical design of a loop heat pipe with multiple evaporators.
Conclusions
Thermal performance of a loop heat pipe with two evaporators and two condensers was examined using a lumped network model analysis and experiments. The following results were obtained:
(1) The vapor and liquid flow rates in the loop heat pipe and thermal conductance of the heat pipe with multiple evaporators changed significantly depending on the distribution ratio of the heating rate of multiple evaporators. When heating rates of multiple evaporators were not same, thermal conductance of the heat pipe was large;
(2) Experimental results of flow direction and thermal conductance of the heat pipe agreed with the analytical results. The lumped network model analysis was shown to be accurate, useful, and preferable for the practical design of a loop heat pipe with multiple evaporators.
